Abstract: In the past two decades, fiber-reinforced polymer (FRP) materials have been increasingly used in civil engineering. Compared with its wide applications in the civil infrastructure system, the use of FRP in buildings is rather limited. One reason for this is that, unlike civil infrastructure, buildings have more stringent nonstructural performance requirements, including those for fire rating, smoke and toxicity, flame spread, water resistance, flood resistance, and so forth. Although numerous studies have been conducted on structural performances of FRP structures, limited studies are available on the nonstructural performance. This paper aims to identify the gap between building code requirements and the current state of research on FRP materials. The first section of this paper is devoted to a summary of the research findings on nonstructural performances. Based on codes and other specifications, the second section systematically examines the code requirements according to the FRP's target applications, such as load bearing members, interior finishes, exterior finishes, or roofings, and their corresponding standards. The next section evaluates the research findings from the first section against the requirements from building codes in the second section. Finally, the applicability, limitations, and future work for FRP materials to be used for building applications are provided in the last section. It can be concluded that, strengthwise, FRP can be used for building applications. Fire rating can be met with different insulate schemes, which vary from 0 to 3 h based on different applications. Exposed FRP needs to meet the requirements of smoke, toxicity, and flame spread. Adding fire-retardant fillers, such as alumina trihydrate (ATH), can enhance performances and meet the code requirements. Further studies on water resistance, weathering tests, flood resistance, combustion, and so forth, are needed. Most of the insulation materials are proprietary and expensive, which restricts their wider applications. It is advantageous to develop cost-effective fire protection systems. No study is available on unified modeling and design guidelines for fire rating, smoke, toxicity, and flame spread. There is a need to provide effective design methods to design these items based on their targeted applications, similar to the methods for structural design.
Introduction
Fiber-reinforced polymer (FRP) is a composite made of fiber and polymer, which work together to provide strength. Some common fibers include glass, carbon, aramid, and boron. The two most commonly used FRPs in civil engineering are carbon FRP (CFRP) and glass FRP (GFRP). CFRP has high strength but is more costly, and it is mainly used for structural rehabilitation and strengthening. GFRP, on the other hand, has lower strength but is less expensive compared with CFRP. It has been used in bridge decks, as internal reinforcement for reinforced-concrete structures (RC), as external reinforcement to strengthen concrete, in masonry, in timber structures, and so forth (Bakis et al. 2002; Hollaway 2010) .
FRP has also been used in building applications. For example, it is used in light, large-span, and artistic roofs (Andrä et al. 2004 ). An innovative large-span roof system using a FRP woven-web structure (FRP-WWS) was developed by Bao (2004) . A FRP-WWS is composed of lightweight, high-strength, and corrosion-resistant FRP strips that are woven into the web in a desirable pattern. Two ends of each FRP strip are anchored on inner and outer ring beams (Teng et al. 2005) . Testing and modeling indicates that the strips of the WWS worked properly. The entire structure was reliable, which confirmed the feasibility of the FRP-WWS (Feng et al. 2011) . FRP can also be used for other building applications, such as modular classroom buildings, housing, dome, and so forth, as described in Kendall (2007) and Hollaway (2010) .
However, as pointed out by Kendall (2007) , FRP … complex applications have been developed to satisfy the desire for more dramatic features in building design. However, there has only been slow progress in constructing complete buildings from FRP, which is surprising when we consider that a simple glass fibre reinforced laminate can have strengths exceeding that of structural steel, coupled with numerous other advantages are rather limited.
The reason for this slow progress, according to the authors, is that, other than structural requirements, buildings have more stringent nonstructural performance requirements, including fire rating, smoke and toxicity, flame spread, water resistance, flood resistance, and so forth. Although numerous studies have been conducted on FRPs' structural performances (i.e., stiffness, strength, fatigue), surprisingly, limited research, which is mainly focused on the fire rating, has been conducted on FRPs' nonstructural performances. Therefore, there is a need to identify the gap between the code requirements and the state-of-the-art research on the FRP performance and the barrier for FRP to be widely used in building applications, which is the objective of this study.
In this paper, a review of the research on nonstructural performance is provided in the first section. Next, the performance requirements from applicable building codes are examined. These requirements are then used to evaluate the research findings from the first section, based on which the applicability, limitation, and future work for FRP materials to be used for building applications are provided in the last section.
It is noted that the structural and nonstructural performances of FRP are interrelated and sometimes it is difficult to separate them. For example, a measure of fire ratings for buildings refers to the time available in a fire before the structure collapses. However, to simplify the description, structural performances refer specifically to stiffness, strength, fatigue, and so forth, in this paper, and all others belong to nonstructural performances.
Review of Research on Nonstructural Performance of FRP
Numerous studies have been conducted to study structural performances of FRP, either for civil infrastructure or buildings. There are several review papers (Bakis et al. 2002; Hollaway 2010 ) on this topic. The highlight of these efforts was the publications from the Committee of the American Concrete Institute (ACI) 440, in particular, ACI 440.2 R-08 (ACI 2008), which provided a guide for the design and construction of externally bonded FRP systems for strengthening concrete structures. Unlike the studies on structural performances, limited research has been performed on nonstructural performances of FRP structures. This section provides a summary of the research that has been conducted over the last decade concerning this topic. Bisby et al. (2005c) tested the fire endurance of FRP-confined circular columns. The tests were compared with a previous numerical fire simulation model developed by the same authors (Bisby et al. 2005a) , in which good correlations of thermal and structural responses were achieved between test and numerical results. It was concluded that the designed FRP-wrapped concrete columns could achieve more than 5 h of fire endurance by using two insulation layers, as shown in Table 1 . Fig. 1 shows the inner insulation layer as a modified cementitious vermiculite/gypsum polyester (VG) and the outer layer as a surface coating that consisted of an intumescent epoxy paint (EI). Test results showed that, when subjected to fire, columns without insulation behaved similarly to insulated unconfined columns. Details on preparing VG polyester were provided in Bisby (2003) . Williams et al. (2006) conducted experimental and numerical studies to evaluate the performance of insulated FRP-strengthened concrete slabs subjected to fire. Four different insulation systems were modeled and tested following ASTM E119 (ASTM 2008a), as shown in Table 1 . It was concluded that a thickness of 38 mm of Tyfo VG insulation and 0.25 mm EI coating was required to achieve a 4-h fire endurance rating (based on thermal criteria only). Sufficient insulation thickness is mandatory to minimize cracks and prevent delamination of the fire protection layer and concrete cover. López et al. (2013) conducted experimental and numerical studies on the fire effect of RC slabs strengthened with externally bonded reinforced (EBR)-CFRP and near surface mounted (NSM)-FRP. Fire protection was provided at the bottom of the slab using calcium silicate (CS) boards or vermiculite/perlite (VP) cement-based mortar. They concluded that 20-mm-thick CS insulation could provide 90 min of protection for both EBR-strengthened and NSM-strengthened slabs in normal zones. In anchorage zones, 100-mm-thick CS insulation could provide 90 and 60 min of fire endurance for NSMstrengthened and EBR-strengthened slabs, respectively. Hence, the NSM-strengthening system was found to be more effective than the EBR-strengthening system in terms of fire rating. Kodur et al. (2007) presented experimental and numerical studies for insulated FRP-strengthened RC systems (column and beam slabs). They concluded that all the members with either Tyfo VG/ EI-R or MBrace (2007) insulation systems could achieve more than a 4-h fire endurance rating according to ASTM E119 (ASTM 2008a) requirements under full-service loads. The thicknesses used on all samples are listed in Table 1 . They suggested that the fire endurance for FRP-strengthened concrete members should be defined in terms of load-carrying capability of the structure member during fire instead of temperature. Preliminary guidelines were developed to achieve appropriate fire safety of FRP-strengthened concrete members.
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Kodur and Ahmed (2010) developed a numerical model to predict the performance of insulated FRP-strengthened RC beams subjected to fire, which was validated against existing test results, in which the effects of FRP-strengthening, insulations systems, and failure criteria were taken into account. The numerical model could predict the response of the FRP-strengthened RC beams under fire, especially at high temperatures, and determine the optimized insulation thickness. Based on this numerical model, Kodur and Ahmed (2013) further presented guidelines for achieving optimum fire resistance in FRP-strengthened RC beams. The guidelines showed that FRP-strengthened RC beams could achieve the fire endurance ratings required by the codes with adequate insulation. Different insulation schemes were evaluated in which the most effective one was the "one that extended from the beam soffit to either sides of the beam cross section, up to a depth equal to twice the clear concrete cover thickness to steel reinforcement." The optimum insulation thickness calculated for VG/EI U-shaped insulation was 40 and 20 mm to achieve 3 and 2 h of fire resistance, respectively, with the scheme shown in Fig. 2 . Palmieri et al. (2013) conducted six full-scale tests on NSM-FRP-strengthened RC beams exposed to a 1-h fire. The experimental results demonstrated that the strengthened beam with proper insulation performed well under service loads without any dysfunction. The insulation types shown in Table 1 were used to keep the adhesive temperature relatively low, in which the temperature of the epoxy resin ranged from 100 to 130°C, and the temperature of the expansive mortar was found to be 167°C. It was concluded that a FRP-strengthened RC beam could retain up to 92% of its flexural capacity after cooling down to room temperature. Firmo et al. (2014) studied the effect of the thick insulation applied at anchorage zones, termed as the cable effect, of CFRPstrengthened RC beams subjected to fire, through both experimental investigation and numerical analysis. Both EBR-strengthening and NSM-strengthening techniques were studied in which slight strength reductions were observed at room temperature. It was noted that the slight reduction of mechanical behavior was proof that the cable effect could provide load bearing capacity at elevated temperatures. The results showed that the use of VP cement-based mortar as insulation had better fire endurance compared with CS. Details of the insulation thickness and fire endurance achieved for the tested samples are shown in Table 1 . Sayin (2014) studied the effect of insulated CFRP-strengthened RC beams exposed to fire. A three-dimensional finite-element model was developed and validated against experimental results from Firmo et al. (2014) . The results showed that the collapse time for 40-mm-thick insulation was doubled compared with that of 25-mm-thick insulation. The maximum temperature was decreased to one-third for the beams with insulation compared with those without insulation. Yu and Kodur (2014) conducted tests on NSM-FRP-strengthened RC T-beams exposed to fire. It was found that NSM-FRPstrengthened T-beams with a 38-mm concrete cover could withstand 70 min of standard fire exposure without any fire insulation.
When adding VG and EI insulation as shown in Table 1 , NSM-FRP beams with U-shaped insulation could provide 65% of the loading capacity of the beams tested at room temperature. The experimental results showed that the presence of axial restraint could improve the fire resistance of NSM-FRP-strengthened RC beams. The authors also developed a numerical model and validated it with the experimental results to predict the fire effect in NSM-FRP-strengthened RC beams. A summary of the insulation type, thickness, and fire endurance from the studies described previously is provided in Table 1 .
FRP Bond
Several studies have been conducted to investigate the effect of the insulation on FRP bond strength. Foster and Bisby (2008) studied the performance of FRP bond strength with exposure to a temperature of 600°C. Several tests were done including tension coupon tests, single-lap FRP-to-FRP bond tests, and direct tension and pullapart tests on FRP-to-concrete bond. Residual performance of externally bonded FRP systems showed that the allowable exposure temperature was between the glass transition temperature (T g ) and the thermal decomposition temperature of the resin used.
Maraveas et al. (2012) presented a review on the fire performance of FRP materials and FRP-strengthened RC members, including mechanical properties of different types of FRP materials at elevated temperatures. The effects of the adhesive materials and FRP reinforcement were reported. It was found that the fire resistance depended on several factors, such as loading type and anchorage length. The results showed that strength degradation of the bond at high temperature was a critical parameter for determining the performance of FRP-strengthened RC members at elevated temperatures. Yu and Kodur (2013a) experimentally evaluated the bond strength of NSM-FRP-strengthened concrete at high temperature, considering different types of epoxy adhesion and FRP reinforcement. It was found that the bond strength depended more on the types of epoxy than the type of reinforcement. It was concluded that 80% of the bond strength and modulus was lost at 200°C, and strength became negligible at 400°C. The addition of Tyfo T300 epoxy to NSM-CFRP systems could improve the bond strength and modulus compared with other epoxy types at temperatures ranging from 20 to 400°C. The results were used to develop empirical equations to describe the change of bond strength and modulus with temperature. Dai et al. (2013) developed a nonlinear local bond-slip model for FRP laminates externally bonded to concrete at elevated temperature. The analytical model was based on two main parameters: interfacial fracture energy G f and interfacial brittleness index B. These parameters were determined based on previous shear test data of FRP-to-concrete bonded joints at a wide range of temperature. It was found that G f and B started as a constant and then decreased with an increase in temperature. The numerical results correlated well with existing test data.
Design Philosophy
The research on fire rating as described previously is based on the prescriptive design. As summarized by Bisby and Stratford (2013) in a prescriptive design: (1) the fire considered is a standard fire as specified in ASTM E119 (ASTM 2008a) rather than a real fire, (2) the heat transfer is homogenized using standard testing furnaces with explicitly uniform and (presumed) reproducible thermal conditions, and (3) the structural response is assumed to be represented by isolated structural elements tested in standard structural testing furnaces. Because of these limitations, they proposed performancebased design, which allowed designers to take any rational approach to ensure satisfactory performance in fire by stating how the building must perform by any demonstrably acceptable solution. They provided a summary of the state-of-art in performance-based structural design for fire safety. They concluded that the use of performance-based design procedures may allow the use of FRP-RC elements in fire-rated applications in buildings, without the need for full-scale fire tests, overly conservative concrete covers, and supplemental fire protection. Although this is a new design philosophy that shows promise to economically address the fire issue, it has not been adopted by the building codes yet, as will be described next. Nigro et al. (2014) provided design guidelines for the calculation of flexural resistance of FRP-RC slabs and beams subjected to fire in compliance with Eurocodes EN 1990 (CEN 2002 , EN1992-1-1 (CEN 2004a), and EN1992-1-2 (CEN 2004b). A simplified design method of flexural FRP-RC slabs was suggested for thermal and mechanical analyses. Wu et al. (2007) evaluated the performance of FRP-RC structures in resisting flame spread using three tests: limit oxygen index (LOI), horizontal flame-spread test of resin, and vertical flame spread. The LOI test determines the amount of oxygen at which sustained combustion occurs. Horizontal flame-spread tests were used to determine the burning time in which a 25.4 Â 25.4-mm epoxy resin sample was placed on a glass holder resting on a crucible with 3 g of 99% alcohol. The vertical flame-spread test was used to determine the damage that occurred to a concrete-FRP specimen after being subjected to a 25-mm high flame in which the temperature at the top of the flame was 1,723°C. Three types of epoxies were tested: neat epoxy, epoxy with 2% nano-size layered silicate with the direct method mixing method, and epoxy with 2% nano-size layered silicate with a high-pressure machine method. The LOI results showed a reduction by more than 3 for the direct mixing method and more than 5 more for the high-pressure method than that of the neat epoxy. For the horizontal flame-spread test, the burning rates of the samples with nanocomposites were lower than that of neat epoxy, and a large portion of the epoxy-clay specimen remained versus the neat epoxy, which was completely burned. The vertical flame-spread results were consistent with the other two tests in which a large portion of the neat epoxy was damaged compared with the epoxy-clay. It was concluded that the three tests provided consistent results, and the addition of nano-size clay can enhance the performance of the FRP against flame spread. Rowen et al. (2010) conducted experimental tests to improve the performance of FRP to resist flame spread and smoke. This research was done to develop a material that could meet the requirements of the International Building Code (IBC) (2012) in building constructions. Cone calorimeter and ASTM E84 (ASTM 2009a) flame and smoke tests were undertaken to compare performances among GFRP with standard resin, which acted as a reference, and resins with three different additives. Sample 1 contained a pultruded brominated resin panel with polyester veil, Sample 2 contained a pultruded panel with alumina trihydrate (ATH) and intumescent veil, and Sample 3 consisted of a pultruded panel with ATH and expandable graphite intumescent veil. It was concluded that the third sample achieved the best performance based on cone tests, in which peak heat release rate (PHRR) and average heat release rate (AHRR) were at 47 and 21 kW/m 2 , which were significantly lower than the values of 185 and 85 kW/m 2 for Sample 1. Improved performance was also observed based on ASTM E84 (ASTM 2009a) test results, in which Sample 3 achieved a flame-spread index (FSI) of 20 and a smoke-development index (SDI) of 125 compared with a FSI of 25 and a SDI of 985 for Sample 1. The authors concluded that the use of intumescent veil effectively improved the ability of the composite to resist flame spreading and smoke generation at low cost.
Design Guidelines
Flame Spread and Smoke
Petersen (2014) compared performances of a wide range of fillers including ATH, a mixture of boric acid, and rice hull ash (BA/ RHA); coarse graded gypsum (CG); coarse graded limestone (CLS); a mixture comprised of 60% BA, 20% RHA, 10% limestone, and 10% ATH (Conc); fine graded gypsum (FG); fine graded limestone (FLS); nanoclays (NC); and RHA. In addition, two controls were created with no additives to the resin, one with 1% MEKP hardener and the other with 5% MEKP hardener. They concluded that by adding ATH to the resin in different amounts the heat resistive properties of the FRP could be increased. Additionally, it was found that if 50% ATH by weight was used in applications on the outside of the building, the flame spread could be significantly decreased. Petersen et al. (2014 Petersen et al. ( , 2015 conducted a comprehensive experimental study to investigate the mechanical behavior of FRP with ATH filler. It was concluded that the addition of 25% ATH by weight could increase the ability of the FRP to resist smoke and toxicity without a significant decrease in the stiffness and strength.
Weather Protection
The durability of the FRP can be affected by many factors, including moisture, alkaline environment, thermal effects, creep/relaxation, fatigue, ultraviolet exposure (UV), and so forth. A number of papers have studied the durability of the FRP and the methods to test it (Schutte 1994; Bank et al. 1995; Chin 1996; Karbhari et al. 2003) . In particular, Zaman et al. (2013) reviewed the FRP durability exposed to the environmental factors and concluded that FRP is more venerable when it is subjected to a combination of several factors.
In terms of alkaline environment, CFRP has outstanding results to resist all forms of alkali. Typically GFRP was found to be more vulnerable to alkali due to the presence of silica. However, Mufti et al. (2005) showed through a field study that GFRP used in civil applications could work in a limited alkali environment. As for aramid FRP (ARFP), the reduction in tensile strength was reported when subjected to alkaline environment.
Temperature can also affect the residual stress of FRP. Higher temperature effect was discussed previously. Low temperature that happens in freezing conditions is known as the freeze-thaw effect. Repeated freeze-thaw cycles can cause deterioration of the bond strength between FRP and concrete (Bisby and Green 2002) . Mukhopadhyaya et al. (1998) found that the GFRP-concrete bond interface deteriorated after being subjected to 450 cycles of temperature varying from −17.8 to þ20°C. Similar results were reported by Bisby and Green (2002) for CFRP. The Federal Highway Administration (FHWA) issued a report (Grace 2003a) in which the cured epoxy with T g = 60°C was used to bond CFRP to concrete beams. The beams were subjected to freeze-thaw cycles and then tested by a four-bending flexural test. It was concluded that coldcured epoxy resin can be used to overcome the freeze-thaw regimen because the capacity of the beam was reduced by only 3.5% after 10,000 cycles (Grace 2003b) .
Protection against UV rays is an important aspect, especially if the FRP will be used for roofing or cladding. The UV wavelengths range between 290 and 400 nm (Karbhari 2007) . Exposure to UV radiations degrades the tensile strength and elastic modulus of FRP by 15-20% (Segovia et al. 2000; Shokrieh and Bayat 2007) . It can also alter the material properties so that FRP becomes more vulnerable when subjected to other environmental aspects, such as moisture or temperature (Nguyen et al. 2012) . The UV radiations can be avoided by using a FRP UV absorber (Lopez et al. 2006 ). Tuwair et al. (2016) conducted tensile and 4-point loading tests on GFRP laminates exposed to UV radiation according to ASTM G154 (ASTM 2016). GFRPs were manufactured using thermoset polyurethane resin, which resisted the environmental effects on the GFRP. They concluded that the UV did not cause any degradation on the mechanical properties of the GFRP laminates.
Water Resistance
Moisture absorption in polymers can result in a loss of integrity at the fiber-matrix level due to plasticization, saponification, or hydrolysis. Moisture can exist due to humidity, rainfall, or any liquid in contact with the composite. It is one of the common reasons for deterioration due to weather. When the material is subjected to moisture followed by dryness on sunny days, it is known as cyclic moisturization. This often results in a residual stress in the FRP material that needs to be taken into consideration. Frigione (2010) studied the effect of water on epoxy in which they reported a 15% decrease in flexural modulus and negligible variations in the ultimate strength and strain when the epoxy was exposed to 100% humidity for 1 month.
Flood Resistance
Degradation or failure due to flood has a significant effect on the structure and needs to be studied in depth to prevent casualties. Flood resistance takes the form of flood barriers to prevent flood from transferring from one section in the building to another. Melcher and Karmazínová (2012) conducted a load capacity test for FRP cantilever columns to be used to support antiflood barriers. The columns were a commercial product that had a waterproof profile of a GFRP pultruded H section. It was concluded that the cantilever column with a 2.44-m span can resist up to a 13.6-kN load. Flood can be resisted by FRP panels as flood barriers; however, moisture penetration of these panels needs to be studied, as discussed in the previous section. Uddin and Mousa (2013) tested four FRP sandwich panels enclosed by foam. Four specimens were subjected to 4-point bending tests: the control panel; one panel that was flooded for 3 days and then dried; another panel that was flooded for 7 days and dried; and the last panel, which was flooded for 7 days and tested directly without drying. They found that a maximum degradation of 16% in strength occurred right after the specimen was removed from water. Six percent of this degradation was reversible if the panel was left to dry. The authors claimed that even with that degradation, the resistance of the FRP panel was still higher than traditional wood barriers, which lost most of their strength when subjected to flood.
Requirements from Building Codes
As described earlier, FRP has been used for building applications. The IBC (2015) also identified this trend and added the new Section 2613 specifically for FRP since its 2009 edition. Before that, FRP was covered under Plastic in Chapter 26.
Although Section 2613 from IBC (2015) specified requirements for FRP materials, it provides limited information and is only focused on nonload bearing members. FRP can be used as both load and nonload bearing members. Based on their target use, these members can be divided into load bearing members, including primary structural frames, bearing walls, roof constructions, and nonload bearing members, including interior and exterior finishes. Next, the performance requirements of FRP as building members from IBC (2015) and other specifications, such as FM Approval Standard 4470 (FM Approval LLC 2010), are investigated. It is noted that IBC is one of the most widely adopted building codes, not only in the United States, but also around the world. It is subjected to revision every 3 years, and the latest version of 2015 is used in this paper.
Requirements as Load Bearing Members
For FRP to be designed according to IBC, it must adhere to the IBC's requirements for a fire resistance rating. For structural members these requirements are found in Section 704 of the IBC, for exterior walls these requirements are summarized in Section 705 of the IBC, and for horizontal assemblies these requirements are summarized in Section 711.2 of the IBC. All of these sections state that materials must adhere to the fire resistance rating permitted by the building class. The type of material required for a building type is determined based on the intended use of the building as well as the height of the building. These requirements are defined in Tables 504.3 and 504.4 in Chapter 5 of the IBC. A summary of these limitations can be seen in Table 2 , in which UL means unlimited or no requirement.
The group is based on the occupancy type of the building as defined by Section 302 of the IBC. Group A is defined in Section 303 as a building that is used "for the gathering of persons for purposes such as civic, social or religious functions; recreation, food or drink consumption or awaiting transportations." This group is further broken into categories A-1 through A-5 and includes buildings, such as bowling alleys, courthouses, arenas, bleachers, museums, and waiting areas in transportation terminals. Business Group B is defined in Section 304 as a building that is used "for office, professional or service-type transactions, including storage of records and accounts." This group includes animal hospitals, kennels and pounds, banks, post offices, and so forth. Educational Group E is defined in Section 305 as "the use of a building or structure, or portion thereof, by six or more persons at any one time for educational purposes through the 12th grade." Factory Group F is defined in Section 306 as "the use of a building or structure or a portion thereof, for assembling, disassembling, fabricating, finishing, manufacturing, packaging, repair or processing operations that are not classified as Group H hazardous or Group S storage occupancy." This group is further broken down into F-1 and F-2 and includes buildings, such as bakeries and aircraft manufacturing, which are used to store such items as bicycles, clothing, musical instruments, and so forth. High-Hazard Group H is defined in Section 307 as the following:
The use of a building or structure, or a portion thereof that involves the manufacturing, processing, generation or storage of materials that constitute a physical or health hazard in quantities in excess of those allowed in control areas based on the maximum allowable quantities limits for control areas.
High-Hazard Group H is subdivided into subsections from H-1 to H-5 based on the type of hazards stored in the building. Section 308 defines Institutional Group I as the following:
The use of a building or structure, or portion thereof, in which care or supervision is provided to persons who are or are not capable of self-preservation without physical assistance or in which persons are detained for penal or correctional purposes or in which the liberty of occupants is restricted.
Group I is divided into I-1 through I-3 based on the type of facility and includes detention centers, alcohol and drug centers, group homes, and so forth. Section 309 defines Mercantile group M as, "the use of a building or structure, or portion thereof, for the display and sale of merchandise and involves stocks of goods, wares or merchandise incidental to such purposes and accessible to the public." This group includes department stores, drug stores, markets, motor fuel-dispensing facilities, retail or wholesale stores, and sales rooms. Residential group R is defined in Section 310 as "the use of a building or structure, or portion thereof, for sleeping purposes when not classified as an Institutional group I or when not regulated by the International Residence Code." Further classification of this group is broken down into R-1, R-2, R-3, and R-4 and includes boarding houses, hotels, monasteries, apartment houses, group homes, and so forth. Storage group S is defined in Section 311 as "the use of a building or structure, or portion thereof, for storage that is not classified as hazardous occupancy." This group is further broken down into S-1 and S-2 and contains buildings that are used to store low and moderately hazardous materials, such as furniture, glues, lumber, asbestos, gypsum board, meats, and so forth. Last, Utility and Miscellaneous Group U is defined in Section 312 as "buildings and structures of an accessory character and miscellaneous structures not classified in any specific occupancy." This includes barns, agricultural buildings, carports, and tanks and towers.
To design a material with the appropriate fire resistance of the materials, Sections 602.2-602.3 of the IBC are referenced and define five types of construction, each with fire requirements for Materials A and B. These material categories are the same as those from Tables 2 and 3 . Construction Types I and II are defined as "those types of construction in which the building elements listed in Table 601 [Table 3 ] are of noncombustible materials." Construction Type III is "that type of construction in which the exterior walls are of noncombustible materials and the interior building elements are of any material permitted by this code." Construction Type IV is heavy timber construction and Construction Type V is "that type of 5  3  2  3  2  3  2  1  A-2  UL  11  3  2  3  2  3  2  1  A-3  UL  11  3  2  3  2  3  2  1  A-4  UL  11  3  2  3  2  3  2  1  A-5  UL  UL  UL  UL  UL  UL  UL  UL  UL  B  U L  1 1  5  3  5  3  5  3  2  E  U L  5  3  2  3  2  3  1  1  F-1  UL  11  4  2  3  2  4  2  1  F-2  UL  11  5  3  4  3  5  3  2  H-1  1  1  1  1  1  1  1  1  1  H-2  UL  3  2  1  2  1  2  1  1  H-3  UL  6  4  2  4  2  4  2  1  H-4  UL  7  5  3  5  3  5  3  2  H-5  4  4  3  3  3  3  3  3  2  I-1  UL  9  4  3  4  3  4  3  2  I-2  UL  4  2  1  1  NP  1  1  NP  I-3  UL  4  2  1  2  1  2  2  1  I-4  UL  5  3  2  3  2  3 construction in which the exterior walls are of noncombustible materials and the interior building materials are of solid or laminated wood without concealed spaces." The required fire resistance rating for each type of construction is defined in Table 3 for building elements.
The fire resistance rating of the building elements, components, or assemblies is to be determined in accordance with ASTM E119 (ASTM 2008a) as defined in Section 703.2 of the IBC. Section 711.2 also states that for horizontal assemblies separating separate dwelling or sleeping units the minimum fire resistance rating is defined as 1 h.
Requirements as Interior Finish
As defined by Section 803.11, interior walls and ceiling walls need to be designed to have a flame spread corresponding to those in Table 4 .
In addition, the materials are to be classified according to their FSI and SDI as defined by Chapter 2 of the IBC as "a comparative measure, expressed as a dimensionless number, derived from visual measurements of the spread of flame versus time for a material" and "a comparative measure expressed as a dimensionless number, derived from measurements of smoke obscuration versus time for a material," respectively. Both of these indexes are to be determined through testing according to ASTM E84 (ASTM 2009a) or UL 723 (UL 2003) , with the requirements shown in Table 5 .
Requirements as Exterior Finish
FRP as Finish of Exterior Walls
The requirements for FRP as a building material are defined in Section 2613 of the IBC, and the use of FRP for exterior use is defined in Section 2613.5 of the IBC. Section 2613.5 states:
FRP shall be permitted to be installed on the exterior walls of buildings of any type of construction when such polymers meet the requirements of Section 2603.5. Fireblocking shall be installed in accordance with Section 718.
There are two exceptions to the requirements of Section 2603.5 for FRP. The first exemption is if the FRP does not exceed 20% of the area of the specific wall, the FRP has a FSI less than 25, fire blocking in accordance with Section 718.2.6 is installed, and the FRP is installed directly to a noncombustible material; examples include gypsum or concrete. The second exception is for buildings that are 12,192 mm (40 ft) or less above grade. Section 718.2.6 states that fire blocking is to be installed at maximum intervals of 6,096 mm (20 ft) in either direction so that there is no concealed space exceeding 9.29 m 2 (100 ft 2 ) between fire blocking. Fire blocking, according to Section 718.2.6, is not required if the exterior wall covering is installed on noncombustible framing, or if the exterior wall covering is tested in accordance with NFPA 285 (NFPA 2012). The last requirement for FRP is a self-ignition temperature, which is defined by Section 2605.2 of the IBC. It states that the self-ignition temperature of an FRP should be greater than 343°C (650°F), as tested according to ASTM D1929 (ASTM 1996a).
However, Section 2603.5 is for foam plastic insulation. FRP can be used with other materials, such as concrete, masonry, wood, and so forth. More general requirements for exterior walls are specified in Chapter 14 of IBC as follows in the following sections.
Weather Protection. The requirements for a water penetration test of an exterior wall are specified in IBC Section 1403.2 in accordance with ASTM E331 (ASTM 2009b), with the following details:
(1) Exterior wall envelope test assemblies shall include at least one opening, one control joint, one wall/eave interface and one wall sill. All tested openings and penetrations shall be representative of the intended endues configuration. (2) Exterior wall envelope test assemblies shall be at least 1219 mm by 2438 mm (4 feet by 8 feet) in size. (3) Exterior wall envelope assemblies shall be tested at a minimum differential pressure of 0.297 kN/m 2 (6.24 psf). (4) Exterior wall envelope assemblies shall be subjected to a minimum test exposure duration of 2 hours.
[and] The exterior wall envelope design shall be considered to resist wind-driven rain where the results of testing indicate that water did not penetrate control joints in the exterior wall envelope, joints at the perimeter of openings or intersections of terminations with dissimilar materials.
Vertical and Lateral Flame Propagation. IBC Section 1403.5 specifies that exterior walls on buildings of Type I, II, III, or IV construction that are greater than 12,192 mm (40 ft) in height above grade plane and contain a combustible water-resistive barrier shall be tested in accordance with and comply with the acceptance criteria of NFPA 285 (NFPA 2012) .
Flood Resistance. IBC Section 1403.6 requires that, for buildings in flood hazard areas as established in Section 1612.3, exterior walls extending below the elevation required by Section 1612 shall be constructed with flood-damage-resistant materials.
Requirements as Roof Assemblies and Roof Covering
The requirements for roof assemblies are defined in Sections 1507 and 1508. The required testing standards are shown in Table 6 . A built-up roof is defined in Section 202 as "two or more layers of felt cemented together and surfaced with a cap sheet, mineral aggregate, smooth coating or similar surfacing material" Thermoset single-ply roofs are defined as "a plastic material that is capable of being changed into a substantially nonreformable product when cured." Thermoplastic is defined as "a plastic material that is capable of being repeatedly softened by increase of temperature and hardened by decrease of temperature." Sprayed fire-resistant materials are defined as "cementitious or fibrous materials that are sprayed to provide fire resistant protection of the substrates."
In addition, according to IBC Section 1507.14.4, foam plastic materials and insulation are to comply with IBC Chapter 26. Also, according to IBC Section 1507.16.1, the fire resistance of the materials must comply with requirements as outlined in Table 3 .
Finally, "The minimum roof covering installed on buildings must comply with Table 1505 .1 based on the type of construction of the building" [Section 1505.1]. These requirements are summarized in Table 7 , in which the types of construction are defined by the fire resistance of a material based on Table 3 , and the requirements are explained in Table 8 . To fulfill the requirements, the materials need to be tested to ensure that they withstand the correct effective fire test exposure, according to ASTM E108 (ASTM 2007) and UL 790 (UL 2004) . These tests determine which class the material belongs to (Class A, Class B, or Class C), with Class A being the most durable and safe material and Class C being the minimum material requirements.
FRP as a Roofing Material
Accelerated Weathering Tests. The requirements for accelerated weathering tests of a roofing system are defined by IBC Section 1504.6, which states the following:
Roof coverings installed on low-slope roofs in accordance with Section 1507 shall demonstrate physical integrity over the working life of the roof based upon 2,000 hours of exposure to accelerated weathering tests conducted in accordance with ASTM G 152, ASTM G 155, or ASTM G 154.
In addition, the materials that are subject to a cyclical flexural response due to wind load are not to demonstrate significant loss of tensile strength for unreinforced membranes or breaking strength for reinforced membranes.
Water Resistance. Water leakage requirements for a FRP roofing system are defined by Section 4.5 of FM Approval Standard 4470 (FM Approval LLC 2010), which states that water leakage must be tested in accordance with ASTM D7281 (ASTM 2013a). FM Approval Standards are one of the most widely accepted standards for roof products in the United States. The material will be deemed acceptable if there are "no signs of water leakage during the 7 day period. In addition, there shall be no signs of water leakage during, or after, the pressure cycles." Combustion Test. The combustion requirements for materials are defined in IBC Section 1505.1, which states that materials must be tested in accordance with ASTM E108 (ASTM 2007) . The requirements for combustion are expanded on by FM Approval Standard 4470 (FM Approval LLC 2010), which separates roofing systems into above the roof deck and below the roof deck as summarized next.
Above the Roof Deck. This requirement is similar to roof covering, as shown previously, in which the materials above the roofing must be tested in accordance with ASTM E108 (ASTM 2007). For each class of decking type, the requirements are summarized in Table 9 , which are the FM requirements, but they also correspond to the requirements in ASTM E108 (ASTM 2007) .
In addition to the requirements shown for roof covering, FM Approval Standard 4470 (FM Approval LLC 2010) also states that "there shall be no excessive lateral flame spread of which is defined as flames extending to the two lateral edges of the exposed roof covering or coating beyond 559 mm (12 inches) from the ignition source." Also, no glowing or flaming brands may be blown or fall off of the roofing system that continue to glow after reaching the floor. Finally, no particles of the roofing system may continue to glow after falling to and reaching the ground.
The requirements for intermittent spread of flame and burning brand tests for Classes A, B, or C state that (1) "there shall be no portion of the roof covering material blown or falling off of the test deck in the form of flaming or glowing brands that continue to glow after reaching to floor," (2) "there shall be no exposure of the deck or sustained flaming on the underside of the deck," and (3) "there shall be no portion of the roof deck that fall in the form of particles that continue to glow after reaching the floor."
Below the Roof Deck. The tests for the below deck roofing materials must be conducted in accordance with the test procedure for the FM Approvals construction materials calorimeter test (FM Approval LLC 2010) . When materials are exposed to the construction materials calorimeter test, they must have fuel contribution rates lower than the rates summarized in Table 10 .
In addition to the maximum fuel contribution rate, while performing the test, no flaming particles from the sample may drop into the furnace, and there shall be no uncontrolled flaming on the exterior surface of the sample.
Comparisons between the Code Requirements and Current Practice
Comparing the current practice from the literature review in the first part of this paper with the code examination in the second part, the following findings can be offered: 1. Strengthwise, FRP can be used for building applications, which has been proven by numerous studies. 2. Fire rating is required for load bearing members, which varies from 0 to 3 h based on different applications. Internal FRP reinforcement behaves much better than external applications because concrete can provide fire protection. For example, the NSM-strengthening system without insulation could achieve 70 min of fire endurance relying solely on a 38-mm-thick concrete cover (Yu and Kodur 2013b) , which is qualified to be used in many applications as required by Table 2 . However, for internal applications to be used for longer fire endurance and external applications, additional insulation is required. Proper insulation type and thickness can be used to satisfy different fire ratings from the building codes, with several examples provided in Table 1 . Based on examples provided in Table 1 and 3 h or less of fire endurance required for internal application as shown in Table 3 , it is recommended that the Yu and Kodur (2013b) scheme with 25-mm-thick VG and EI insulation be used together with a 38-mm concrete cover. MBrace CF 130 (MBrace 2007) (32 mm or 38 mm thick) can provide a fire endurance of 4 h or 5 h, respectively, for slabs and columns (Kodur et al. 2007; Williams et al. 2006 ). 3. Exposed FRP needs to meet the requirements of smoke, toxicity, and flame spread. Adding fire-retardant fillers, such as ATH, can enhance the performances and meet the code requirements. However, there are still some gaps that need to be addressed in future research: 1. Most of the research on nonstructural performance is focused on fire rating. Limited studies are available for other topics, such as flame spread and smoke, water resistance, weathering tests, flood resistance, combustion, and so forth, which need to be studied further if FRP is to be used for a specific application. 2. No study on smoke, toxicity, and flame spread is reported for fire insulation materials. 3. Most of the insulation materials are proprietary and expensive, restricting their wider application. It is advantageous to develop cost-effective fire protection systems. For example, CS or cementitious VG polyester can be prepared or obtained easily and is more economical than commercial insulations. 4. The only study available on the design guidelines for nonstructural performances was provided by Nigro et al. (2014) on the capacity of FRP-RC subjected to fire. Unlike established design methods for strength and stiffness, no study is available on unified modeling and design guidelines for fire rating, smoke, toxicity, and flame spread. Different members have different requirements, e.g., 0-3 h for fire rating, and Types A-C for flame spread. At this time, tests following ASTM standards need to be conducted to comply with code requirements, which is costly. Therefore, there is a need to provide effective design methods to design these items based on their targeted applications, which is similar to the methods for structural design. 5. It is noted that the requirements from the building codes presented in this paper are based on prescriptive design. Performance-based design, although it has not been adopted by the codes, can provide more efficient and economical design, which is an area worthy of further study. 
